The triplet potential energy surface for the reaction of cobalt cation with propane has been studied along the two main reaction pathways leading to the formation of (i) hydrogen and propene and (ii) methane and ethene. Effective core potentials for all elements have been used for all calculations. The geometries have been optimized at the complete active space self-consistent field (CASSCF) level of theory, and the final energetics have been refined at the multireference second-order perturbation theory (MRMP2) level with polarization function augmented basis sets. Reasonable agreement with the experimental energetics has been obtained, and the predicted mechanism is consistent with the experimentally determined mechanism of Haynes, Fisher, and Armentrout (J. Phys. Chem. 1996, 100, 18300).
Introduction
There has recently been considerable experimental [1] [2] [3] and theoretical [4] [5] [6] [7] [8] interest in bond activation of alkanes by transition metal cations. Van Koppen et al. 1 ,2 and Haynes 3 et al. studied the reactions of alkanes with cobalt cation by means of guided ion beam spectroscopy. Their studies determined the experimental values for the binding energies and reaction barriers and established that at thermal energies Co + reacts with propane to eliminate H 2 and CH 4 with a branching ratio Co + (C 2 H 4 ) and Co + (C 3 H 6 ) of 19:81. Musaev et al. 4 studied the mechanism for the reaction of CH 4 and cobalt cation at the CASSCF and SDCI levels. These species are also present on the energy surface of C 3 H 8 and Co + . Perry et al. 5 studied the reaction of small alkanes with Co + at the modified coupled cluster functional (MCPF) level of theory and obtained energies for the initially formed molecular complexes of alkanes with Co + . Holthausen et al. studied the reaction of propane 6 with Fe + and ethane 7 with Co + at the density functional (DFT), B3LYP 9 level of theory and obtained theoretical predictions for the binding energies and reaction barriers for these systems. Hendrickx et al. 8 studied the stability of hydridoalkyl complexes including C 3 H 8 and Co + at CASSCF and CASPT2 levels of theory. However, none of the previous computational studies systematically analyzed the ground state potential energy surface for the reactions of Co + with propane. The chemical reactions and processes underlying these reactions can be used as models for understanding the mechanisms of the catalytic effect of transition metals on cleavage of bonds in alkanes.
The present work employs multireference second-order perturbation theory to analyze the mechanism for the reaction of Co + with propane on the triplet ground electronic state potential energy surface. This includes a comparison of the most likely competing pathways, Co + attack on primary or secondary C-H bonds or on a C-C bond, and the competition between production of H 2 and CH 4 .
Calculation Methods
The search for the transition states and minima on the triplet potential energy surface was conducted with the SBKJ effective core potential (ECP) and the SBKJ basis set, 10 which retains the following orbitals:
After the geometry optimization at the complete active space (CAS) level, the final energetics were obtained with multireference second-order perturbation theory (MRMP2) and an enhanced basis set labeled SBK*, which contains the following diffuse and polarization functions in addition to the standard SBK basis set:
All calculations were performed in C 1 symmetry. In choosing the polarization functions we followed Musaev et al. 4 with the exception of having to reduce the basis set by one set of d functions on C and p functions on H. All exponents are taken from ref 11 .
Two other spin multiplicities (singlet and quintet) were probed as well. The singlet surface lies systematically higher than the triplet at all levels of theory; the quintet CASSCF surface lies mostly below the triplet surface, however, the triplet MRMP2 surface is lower than the quintet one. Therefore, the remainder of this work focuses on the triplet state.
The active space used always includes a baseline of eight electrons and six orbitals from 4s 2 3d 6 or 3d 8 on Co + . In addition, the bonds actively involved in the geometry change along each path are included in the pairs of bonding/antibonding orbitals. In general, the first transition state along the reaction path involves breaking one bond, thus the first stage transition states, reactants, and intermediates each requires 10 electrons in 8 orbitals [10/8] . In some cases a neighbor C-H bond is found to be very close to the cobalt and thus influential upon the system; in this case [12/10] For transition metal complexes, there is no computationally feasible active space that can be consistently used throughout all calculations on a potential energy surface. Therefore, the general expectation is that the subsequent MRMP2 calculation makes up for the different active spaces used at different points on a potential energy surface. Since the MCSCF wave function accounts for the near degeneracies, while the MRMP2 accounts for dynamic correlation, this is a reasonable approach. Indeed, several tests suggest that the errors introduced by this approach are only on the order of 2-5 kcal/mol. Some of the active spaces listed above may become inadequate during an IRC run. An example is the formation of the CP1 product discussed below. In this case, the active space used for describing the transition states leading to it is [12/10] , with only one C-H bond of the forming CH 4 molecule included. However, three C-H bonds facing Co + are nearly equivalent. Thus, ideally one may wish to correlate all three C-H bonds, but this would result in a nearly intractable [16/14] active space.
Another problem that may be encountered in choosing an active space lies in the orbitals. The antibonding C-H orbitals are often lower in energy than the excited 4s4p orbitals on Co + . It is found that the competition between excited 4s4p orbitals and the antibonding orbitals results in the unwanted penetration of the 4s4p Co orbitals into the active space, especially when there are two antibonding orbitals (i.e., with the [12/10] active space). This penetration lowers the CAS energy but raises the MRMP2 energy. Sometimes a good choice of starting orbitals helps keep the penetration from occurring. In other cases when this does not work, the freezing of the chemical core during the CAS step is found to help reduce admixing of the unwanted excited orbitals on cobalt.
For the MRMP2 calculations it is found that correlation of the core 3s3p orbitals on Co incorrectly predicts the splitting between the atomic triplet and quintet levels whereas not correlating these orbitals reproduces the splitting reasonably. All MRMP2 calculations thus do not correlate these orbitals.
For all calculations the quantum chemistry code GAMESS 12 has been used.
Results and Discussion
A. Overview. An overview of the triplet potential energy surface is presented in Figure 1 , with the geometries of reactants and products given in Figure 2 . Each reaction path generally proceeds from the formation of the initial complexes (see structures C1-C5 in Figure 3 ) of the cation with the neutral alkane molecule bound by electrostatic attraction. Then an intermediate (structures I1-I4 in Figure 5 ) is formed via a first stage insertion transition state (structures TS1-1 to TS1-6 in Figure 4 ). One initial complex C5 is found to lead to high energy cationic products through a high barrier transition state, so it was not pursued further. The intermediates proceed to the products via the second stage transition states (structures TS2-1 to TS2-4 in Figure 6 ). Overall, the reaction scheme agrees with the one proposed by Haynes et al., 3 although experimentally it was not possible to distinguish between several complexes or transition states leading to the same product. Some of the six pathways were found to merge to form four major reaction paths. Of these four, two (see Figure 1 ) are found to have significantly higher barriers so that only one pathway from the reactants to products is energetically accessible for each product. Note that all structures along these paths were determined at the CASSCF level of theory, whereas MRMP2 relative energies (MRMP2// CASSCF) are given in Figure 1 and Table 1 . This explains why some transition states are lower in energy than connecting local minima at the higher level of theory.
The results are summarized in Table 1 . The comparison with the results obtained by other researchers is given in Table 2 . These data are discussed in more detail below.
B. Reactants and Products. The optimized geometries for the reactants and products are presented in Figure 2 .
Alkanes (CH 4 , C 3 H 8 ) and H 2 are formed with σ-bonds only and therefore were optimized at the RHF level of theory, whereas alkenes (C 2 H 4 ,C 3 H 6 ) were optimized at the [2/2] CAS level. In Table 2 , R1 denotes C 3 H 8 +Co + , P1 denotes CH 4 + C 2 H 4 +Co + , and P2 denotes H 2 +C 3 H 6 +Co + , where the + sign implies infinite separation between the species. In contrast, CP1 and CP2 denote molecular complexes at close distances.
C. Initial Complexes. The geometrical parameters for the complexes are given in Figure 3 . The energies of all five complexes relative to separated reactants are quite similar and lie in the range of -22.1 to -26.1 kcal/mol, somewhat below the experimental value of -30.9 kcal/mol. 2 The difference in energy between the five complexes C1-C5 is explained by the extent to which Co + is able to approach the nucleophilic σ bonds in C 3 H 8 . It appears that Co + is capable of interacting with at most two H atoms, indicated by Co-H distances of about 2 Å, with the exception of C2. The binding energy of C4 (one bound H atom) is somewhat smaller (22.1 kcal/mol) than that of the other four complexes. If more than two H atoms are present in the vicinity of Co + , the binding energy is lowered due to repulsion; this is evident in C1 and C3 with two extra H atoms repelling Co. Thus, the two complexes C2 and C5 are the lowest in energy; in the case of C2, one extra H is present. Interestingly, even though the binding energy is the largest in the case of no repelling H atoms (C5), the subsequent points along this reaction path are high in energy. This is apparently due to the absence of stabilizing electrostatic interactions (e.g., C-H or C-C with Co + ) to balance the energy required to break bonds in the presence of Co + . The H atoms which interact with Co + have the corresponding C-H distances lengthened by about 0.02-0.05 Å.
For both R and C-H insertion, the distance between Co and the detached H atom is about 1.5 Å in the first stage transition states and 1.6 Å in the intermediates. In the second stage transition states ( Figure 6 ) the Co-H distance varies considerably depending upon the nature of the transition state. The distance between Co and C from which a hydrogen or carbon atom is detached is about 2 Å. D. CH 4 Elimination. The CH 4 elimination path begins from the molecular complexes C1 and C2 via three transition states: TS1-1 (C-C insertion), TS1 2 (R C-H insertion), and TS1-3 (R C-H insertion), see Figure 4 . The two R C-H insertion transition states are similar in energy (-8.6 and -6.0 kcal/mol) and geometry and correspond to two different positions from which Co + attacks a C-H bond. The reaction path for these transition states merges into an intermediate I2, whereas the C-C insertion proceeds independently to form the intermediate I1 (see Figures 1 and 5) . Subsequently, the reaction paths leading from I1 and I2 converge to the product P1 via transition states TS2-1 and TS2-2, shown in Figure 6 . The R C-H insertion path, however, shows a significantly higher reaction barrier compared to the C-C insertion (+11.4 vs +1.2 kcal/mol). Therefore, we conclude that the CH 4 elimination occurs with a +1.2 kcal/mol barrier through a C-C insertion transition state. The resulting complex of Co + , CH 4 , and C 2 H 4 is predicted to have a 44.5 kcal/mol binding energy. The corresponding product complex CP1 has Co + bound to two hydrogen atoms in CH 4 and to the π bond on C 2 H 4 . The Co-H distance is larger by about 0.2 Å compared to the case of C 3 H 8 + Co + ; it is likely that this is due to repulsion from the π electron density.
E. H 2 Elimination. The H 2 elimination path is topologically similar to that of the CH 4 elimination. The R C-H insertion forms an independent path through the transition state TS1-6 to the intermediate I4, whereas C-H insertion occurs at two different positions from which the Co + attacks a C-H bond. The two C-H insertion transition states TS1-4 and TS1-5 are similar in energy (-9.6 and -11.6 kcal/mol) and in geometry. They converge to the intermediate I3. The reaction barrier for the final transition state is much larger for the R C-H path (TS2-4) as compared to the C-H insertion path (TS2-3) (+40.9 vs +2.9 kcal/mol). Thus, we conclude that H 2 elimination occurs via the C-H insertion with a +2.9 kcal/ mol barrier. The products H 2 + C 3 H 6 (propene) form a molecular complex with Co + with 17.5 kcal/mol binding energy. The resultant complex CP2 appears to be asymmetric with respect to the π bond on C 3 H 6 : Co + prefers to be closer to the terminal C atom. The distance to the hydrogen molecule is quite large, 1.861 Å, so that one can conclude that most of the binding occurs to the π bond on C 3 H 6 in contrast to CP1 where the binding involves σ bonds as well. The latter is reflected in the larger binding energy of CP1 as compared to CP2 (44.5 vs 15.5 kcal/mol).
Conclusions
The predicted mechanism appears to be quite consistent with that proposed by Haynes, Fisher, and Armentrout. The CH 4 elimination is predicted to occur with a +1.2 kcal/mol barrier through a C-C insertion transition state, while H 2 elimination occurs via a C-H insertion with a +2.9 kcal/mol barrier.
Overall, the energetics predicted in this work appear to be largely in good agreement with experiment, 3 although some discrepancies are observed. Some of the experimental energetics quoted in Table 2 were deduced from figures in that paper, and therefore may not be accurate. Based on the comparison in Table 2 , the errors in the calculations range from 1 to 8 kcal/mol (omitting the experimental values in quotes). So, the average error in the present results is estimated to be on the order of 5 kcal/mol. So, it is likely that the qualitative conclusions drawn here are reliable. Most computational errors are attributed to the inaccuracies and approximations in the calculations, among which the basis set size and the use of ECPs are considered to be the major factors. Nevertheless, overall the theoretical prediction that the reaction should proceed at room temperature agrees with experiment. 3 The results obtained by Perry et al. 5 appear to be in better agreement with the experiment than ours for the predicted binding energies of the initial complexes (the only part of the surface they examined). This may be attributed, at least in part, to their use of a better basis set. The results by Hendrickx 8 disagreement is surprising, as their method of calculation, CASSCF augmented by CASPT2, is quite similar to our approach.
